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Summary: Recently, diffusion-weighted magnetic reso nance imaging (DWI) has been shown to visualize acute ischemic lesions in the brain before changes are observ able with conventional magnetic resonance imaging. However, the underlying mechanisms of these acute DWI changes are unclear and may include both reversible and irreversible damage. In this study, we demonstrate that acute DWI lesions may be reversed with MK801 therapy postischemia. Sprague-Dawley rats (n = 12) were sub jected to middle cerebral artery occlusion and DWI scans were obtained beginning 60 min postocclusion. Distinct regions of hyperintensity wgre observed in the basal gan glia and cortex, corresponding with the expected distri bution of ischemia in this model. After the first scan, animals were treated with MK801 (0.5 mg/kg i.v.) or nor-Magnetic resonance imaging (MRI) has been shown to be a sensitive method for detecting stroke noninvasively (Matthews et aI. , 1992) . Coupled with its ability to provide anatomical information, in vivo MRI should be a powerful method for nonin vasively measuring the effects of therapy in cere bral ischemia. However, conventional MRI tech niques can only detect ischemic changes several mal saline and subsequently scanned again 30 and 60 min after treatment. In the control group, the area of hyper intense lesions continued to increase, by 55% in the cor tex and 57% in the basal ganglia. MK801 therapy signif icantly (p < 0.01) reduced the area of damage by the third DWI scan at 60 min posttreatment ( -50% cortex, -22% basal ganglia, -41% total hemisphere) compared to pre treatment scans. Tetrazolium (TTC) stains at 24 h con firmed that MK801 significantly reduced the volumes of infarction (p < 0.05). These results demonstrate that sig nificant portions of the acute ischemic lesion on DWI are reversible with pharmacologic intervention. Key Words: Stroke-Diffusion-weighted MRI-Neuroprotection Pharmacotherapy-Glutamate-Rat.
hours after stroke onset, usually 6--12 h postocclu sion (Mintorovitch et aI., 1991; Matthews et aI., 1992) . Studies have suggested that the therapeutic window for pharmacologic intervention in cerebral ischemia is limited to about 2-3 h postocclusion (Park et aI., 1988a; Steinberg et aI., 1988) . These temporal limitations may restrict the use of in vivo MRI to monitor neuroprotection; by the time isch emic lesions are detectable with conventional MRI, it may be too late for effective therapy.
Recently, important improvements in MRI tech nology have allowed the use of functional scans that may be more sensitive to early injury. These in clude perfusion and diffusion imaging with and without contrast enhancement (LeBihan et aI., 1986 (LeBihan et aI., , 1991 Matthews et aI., 1992) . In particular, diffusion-weighted MRI (DWI) has been shown to detect ischemic changes as early as 30-40 min after onset in animal models (Mintorovitch et aI. , 1991; Minematsu et aI. , 1992a; Quast et aI. , 1993) . OWl has also been used in humans (Warach et aI. , 1992) . (Verheul et aI. , 1993a (Verheul et aI. , , 1993b . The purpose of this study was to examine this concept in a rat model of focal cerebral ischemia. We tested the hypothesis that in vivo OWl may be used to demonstrate the reversal of early ischemic damage following pharmacologic treatment with the NMOA antagonist MK801.
METHOOS ANO MATERIALS

Rat MCAO
All procedures were approved by the Massachusetts General Hospital Subcommittee for Research Animal Care. Male Sprague-Dawley rats ( = 300g) were anesthe tized with 4% halothane and subsequently maintained at 1-1.5% halothane in a 5: 1 air/oxygen mixture by mask. Catheters were inserted into a femoral artery and tail vein. Mean arterial blood pressure (MABP) and blood gases were monitored. Rectal temperature was main tained at 37°C by heat lamp. Middle cerebral artery oc clusion (MCAO) was induced via a subtemporal approach with bipolar cautery of the MCA (Tamura et aI., 1981) . After arterial occlusion, all wounds were sutured and cleaned.
MRI
Immediately after surgery, animals were scanned in a 2.0-T MRI system (SISCO, Fremont, CA, U.S.A.). An esthesia was continued with 0.5-1.0% halothane and tem peratures were maintained at 37°C with a water blanket. MABP was monitored throughout the MRI procedure. Rectal temperature was measured about every 15 min between scans. Seven coronal slices (2 mm thick) were selected ranging from the rhinal fissure to the cerebellum. A 4-cm2 field-of-view was used with 0.15 x 0.15 mm2 pixels. DWI data were obtained with a spin-echo se quence (repetition time [TR], 1,800 ms; echo time [TE], 45 ms) with a diffusion-weighting b value of 1,239 s/mm2 (pulse length, 10 ms; pulse separation, 30 ms; gradient strength, 8 G/cm). T2-weighted (T2W) scans were ob tained with TR at 2,000 ms and TE at 80 ms. Tl-weighted (Tl W) scans were obtained with TR at 500 ms and TE at 20 ms. Pilot data demonstrated that, with this paradigm, ischemic changes on DWI were clearly visible on either J Cereb Blood Flow Metab. Vol. 14, No.4, 1994 image slice 3 or 4, corresponding to a level at the optic chiasm that includes the caudate-putamen (approxi mately + 9 mm interaural and + 0.7 mm bregma accord ing to Paxinos-Watson coordinates). Digital analysis of the MRI data was performed on this slice location on a Sun Sparcstation. A thresholding method was used to calculate lesion areas and signal intensity ratios (SIRs). The method involved the following procedures: (a) re gions of interest (ROIs) were drawn in the cortex and basal ganglia of the contralateral hemisphere; (b) mean and SD for intensity were obtained for the contralateral ROIs; (c) intensity thresholds were calculated as mean + 2 SD; (d) the thresholds were applied pixel-by-pixel to automatically identify areas in the ischemic hemisphere that were significantly more intense (i.e., + 2 SD above normal values from the contralateral side); (e) the area of injury was expressed as a percentage of the ischemic hemisphere; and (f) the mean intensity within the seg mented lesions was divided by the mean intensity from contralateral ROIs to obtain the SIR. An important crite rion for the use of thresholds in image analysis is a con stant signal-to-noise ratio. Changes in signal-to-noise may lead to fluctuations in standard deviations that affect the thresholded areas. Therefore, the coefficient of variation (SD divided by mean intensity) was calculated as a mea sure of signal-to-noise for all DWI scans. Since intensity thresholds were calculated based on means and SD from the contralateral hemisphere, the coefficients of variation were based on these values.
Experimental design
Two groups of rats were studied. In the control group (n = 6), animals were infused with normal saline. In the treated group (n = 6), animals were infused with MK801 i. v. (0.5 mg/kg). All infusions were performed with the animal in the magnet. A total amount of 1 ml (MK801 plus saline flush or saline alone) was used in both groups. The experimental design involved the following time1ines: MCAO, 0 min; pretreatment DWI, 60 min post-MCAO; MK801 or saline infusion, 80-90 min post-MCAO; T2W MRI, 90 min post-MCAO; second DWI, 30 min posttreat ment (120 min post-MCAO); TlW MRI, 140 min post MCAO; and third DWI, 60 min posttreatment (150 min post-MCAO).
TTC staining
Twenty-four hours after occlusion, five rats from each group were killed with sodium pentobarbital. The brains were cut into six 2-mm-thick coronal sections and stained with 2% TTC solution. Infarcted areas were quantified using a computer imaging system. Sections most closely corresponding to the DWI images were selected based on slices centered on the optic chiasm and areas of ischemic injury were correlated.
Statistical analysis
All data are expressed as means ± SD. Repeated measures analysis of variance (ANOV A) was used to compare the DWI data between time points and groups. The mean change from pretreatment DWI data was tested using t tests. TTC areas were compared with t tests. Dif ferences at p < 0.05 were considered significant.
RESULTS
Systemic variables were within normal limits (Ta ble 1). MABP in the MK801-treated group tended to be higher than in controls after drug infusion (p < 0.05), because halothane levels during MRI were reduced to =0.5% (vs. 1% for controls) to adjust for the sedative effects of MK801 when combined with halothane. The arterial Pco2 levels were somewhat higher (although not significantly different) in the post-MCAO-pre-MRI period since some animals began to regain consciousness while being moved from the surgical suite to the MRI facility and had to be reanesthetized with higher levels of halothane prior to being placed in the magnet. During this pe riod, rats also tended to lose body heat for =5 min prior to being placed onto the water blanket within the magnet. This heat loss can be seen as a slight drop in rectal temperature to about 36°C before MRI (Table 1) . However, body temperature recov ered within 5-10 min of the rat being placed into the magnet and remained within normothermic range until the end of the MRI protocol (Table 1) .
Coefficients of variation showed that signal-to noise levels were relatively constant (with no sig nificant differences) for all three DWI scans ( Table   2 ). The calculated intensity thresholds were some what variable between different animals depending on the shimming and optimization parameters for each individual experiment. However, within each experiment, constant signal-to-noise levels ensured that intensity thresholds fluctuated by no more than 3-4% with no significant differences between scans (Table 2 ).
The first DWI scans, at 60 min post-MCAO, showed hyperintense areas in the ischemic hemi sphere, primarily in the lateral basal ganglia and cortex ( Fig. 1 ). Areas of injury in untreated controls increased over time (Fig. 1) , whereas, in MK801treated rats, lesion sizes decreased (Fig. I) . In the first DWI scans, cortical damage encompassed 36.5 ± 10% of total cortical area, and it continued to increase in untreated controls to 50.6 ± 14% and 56.2 ± 7% by the second and third DWI scans, respectively (Fig. 2) . In MK801-treated rats, the area of cortical damage was significantly reduced to 17.9 ± 8% by the third DWI scan at 60 min post treatment (Fig. 2) . In the basal ganglia, a similar pattern was noted; ischemic damage increased in untreated controls and decreased in MK801-treated animals (Fig. 2) . Areas of ischemic injury expressed as percentages of the left hemisphere showed sim ilar differences between the two groups (Fig. 2) .
Signal intensities in ischemic regions demon strated a 30-40% increase (SIR = 1.3-1.4) above normal values in the contralateral hemisphere (Fig.   3 ). In untreated controls, signal intensities in the cortex continued to increase over time, reSUlting in SIR values of =1.5 and 1.6 by 120 and 150 min post-MCAO, respectively (Fig. 3) . SIR changes in the basal ganglia were variable (Fig. 3) . MK801treated rats did not show increases in SIR although the differences between treated and untreated SIRs were not significant (p = 0.06).
Conventional Tl W and T2W scans did not show consistent injury. In some animals, there appeared to be slight regions of increased T2W intensity in the ventral cortex close to the surgical site. TTC staining at 24 h showed a significant difference (p < 0.05) between controls and MK801-treated animals.
In untreated rats, the volume of infarcted tissue was 118 ± 44 mm 3 ; MK801 reduced the volume of dam aged brain to 49 ± 27 mm 3 . Comparison of DWI images and the corresponding TTC sections showed a significant correlation between areas of injury measured with the two methods: 36.4 ± 13.5% on TTC versus 40 ± 11.1% on DWI (r = 0.804; con trols) and 19.8 ± 4.6% on TTC versus 20.6 ± 4.9% on DWI (r = 0.875; MK801-treated rats).
DISCUSSION
Quantitative MRI has been used to measure neu roprotection in several models of ischemic brain in jury (Minematsu et aI., 1992b (Minematsu et aI., , 1993 Lo and Stein berg, 1992; Sauer et aI., 1993) . However, most of these paradigms involved comparisons between separate groups of animals. In this study, we dem onstrated that OWl may be used to quantify neuro protection with an intrasubject paradigm. Our re sults showed that acute ischemic changes in OWl were pharmacologically reversed with MK801 ther apy initiated 1 h postocelusion. Previous studies have suggested that noncompetitive NMOA antag onists may have a therapeutic window of several hours postischemia (Park et al. , 1988a; Steinberg et al. , 1988) . Therefore, we have been able to quantify early ischemic changes using OWl, treat the rats with MK80l within the estimated therapeutic win dow, then measure the degree of neuroprotection Minematsu et aI. , 1992b) . Reperfusion after 1 h did not reveal significant changes, suggesting that there may be a limited window of opportunity for DWI lesion reversal. Recently, MK801 was demon strated completely to reverse DWI lesions after NMDA injections in neonatal rat striatum (Verhuel et at, 1993a (Verhuel et at, , 1993b ).
An important consideration in the present study involves the signal-to-noise levels. The use of a thresholding approach in image analysis requires that signal-to-noise ratios remain constant through out the course of the experiment. Changes in noise may lead to larger standard deviations, higher cal culated thresholds, and consequently smaller thresholded areas due to artifact. Our measure ments show that signal-to-noise, as reflected by the coefficient of variation, remained constant through all three DWI scans; therefore, intensity thresholds, although somewhat variable between animals, re mained constant within each experiment, varying by only 3-4%. These variations were relatively small compared with the 40-60% elevations in sig nal intensity induced by ischemia.
The underlying mechanisms of the altered DWI intensity are relatively unclear. DWI scans are es sentially MRI scans adjusted to show decreased in tensity in areas with high levels of diffusive motion and increased intensity in areas with low diffusive motion (LeBihan et ai. , 1986 (LeBihan et ai. , , 1991 . Therefore, re gions of increased intensity on DWI scans of cere- appeared to prevent these increases in SIRs, although the differences only approached significance (p = 0.06).
bral ischemia reflect areas with decreased diffusion coefficients. One of the primary determinants of dif fusion is temperature. Although ischemic brain tis sue may drop in temperature by 1-2aC (Busto et al., 1987) , this is unlikely to be the major cause of DWI change since 1-2aC drops in temperature lead to only 3-4% changes in diffusion coefficients (LeBi han et aI., 1991) , whereas ischemia decreases diffu sion coefficients by 50--60% below normal values (Knight et al., 1991) . Another possibility is the lack of tissue pulsatility in ischemic brain, leading to less micro vibrations and a decreased level of signal loss in DWI scans (Mintorovitch et al., 1991) . There fore, it is possible that reversal of the DWI lesions with MK801 may be mediated by increased blood flow induced by the drug. NMDA antagonists have complex effects on cerebral blood flow (Nehls et aI., 1990; Lo et aI., 1991) , so this possibility cannot be dismissed. Another ex planation for the increased DWI intensity is related to the induction of cytotoxic edema and cell swell ing. Diffusion coefficients are generally lower in in tracellular space than extracellular space due to re stricted motion within the cell cytoplasm (LeBihan et aI., 1991; Minematsu et aI., 1992a) . When cell swelling occurs and water is redistributed from ex tra-to intracellular space, overall diffusion coeffi cients should decrease, resulting in a higher DWI signal intensity. A recent study showed that induc tion of cell swelling by ouabain resulted in hyperin tense DWI lesions similar to those found in isch emia (Benveniste et aI., 1992) . Another study using tissue impedance measurements showed that, in ex citotoxic injury, the increase in DWI intensity par alleled changes in extracellular volume fraction, suggesting that DWI lesions were primarily due to cell swelling (van Lookeren Campagne et aI., 1993).
Therefore, reduction of DWI lesion size in this study may have been related to the therapeutic ef fects of MK801 in reversing the severity of cyto toxic edema and cell swelling in ischemic brain.
The current consensus is that pharmacologic in tervention does not affect core regions of ischemia but rather prevents the spread of damage into pen umbral zones (Siesjo, 1992 (Hartley and Choi, 1989; Goldberg and Choi, 1993 However, other studies have suggested that there is good correlation between DWI lesions and final in farction volumes in rat focal ischemia models (Knight et aI., 1991; Minematsu et al., 1992a; Quast et aI., 1993) . Finally, the protective effects ob served in this study may be influenced by the slightly lower temperature and higher blood pres sure in the MK801 group. However, regardless of the potentially synergistic effects of temperature, blood pressure and pharmacotherapy, our data still support the hypothesis that acute DWI changes in clude both reversible and irreversible components.
In conclusion, our results suggest that early DWI lesions are partially reversible with pharmacologic intervention. The data show that DWI may be used to monitor the evolution of ischemic injury in vivo and could potentially allow the study of neuropro-tective agents with an intrasubject paradigm. How ever, within the limitations of this study, we cannot unambiguously establish the mechanisms that un derlie the pharmacologic reversal of DWI changes, which would require precise spatiotemporal corre lations between DWI data and histologic material and is currently being studied.
